Abstract On the basis of 16S rRNA sequence analyses of several isolates of "Nostocoida limicola" from activated sludge plants in Australia and other countries, it is clear that "N. limicola" I, II and III are not three morphological variants of a single bacterium but at least three phylogenetically different bacteria. Data show that "N. limicola" I are members of at least two genera in the low mol% G+C Gram-positive bacteria, while some isolates of "N.limicola" II belong to the high mol% G+C Gram positive bacteria, and "N.limicola" III is a member of the Planctomycetales. Design and application of 16S rRNA targeted probes for each to biomass samples suggests that their phylogeny is more diverse than pure culture studies would suggest.
Introduction
Although the application of molecular methods has increased substantially our understanding of the phylogeny of many of the filamentous bacteria causing bulking and foaming in activated sludge plants, some are still poorly understood (Seviour and Blackall, 1999) . Of these "Nostocoida limicola" is of particular interest. First described by van Veen (1993) , it was later considered to embrace three morphotypes, "N. limicola" I, "N. limicola" II and "N. limicola" III (Eikelboom and van Buijsen, 1983) . Although all their filaments contained coccal shaped cells which stained Gram and Neisser positive, and had a similar overall twisted, bent or coiled microscopic appearance, they were distinguishable by differences in their in individual cell dimensions. Thus "N. limicola" I had the smallest cells (0.6-0.8 µm diam.), with "N. limicola" II having cells of 1.2-1.4 µm diameter and cells of "N. limicola" III were the largest at 1.6-2.0 µm diameter. Several surveys carried out in different countries report the widespread occurrence of this filament (e.g. Seviour et al., 1994; Wanner et al., 1998) , although generally no attempt has been made to distinguish between these three morphotypes in these surveys (Seviour and Blackall, 1999) . So the assumption seems to have been that "N. limicola" is a single bacterium which can exist as several variants differing in their cell sizes. Such a conclusion is risky, since if "N. limicola" I, II and III are in fact quite different unrelated bacteria possessing different properties, then the value of trying to associate the presence of "N. limicola" in plants with particular operational features (the main purpose for carrying out survey work of this kind) is seriously compromised. Thus it is important to resolve the phylogeny of the "N. limicola" complex, and in particular to address the question of whether this term describes three morphological variants of a single bacterium or three (or more) quite different bacteria, all of which look similar under the microscope. The work described here has been directed at answering this question.
Methods
Several isolates of each of these three morphotypes were isolated by micromanipulation (Seviour and Blackall, 1999 ) from activated sludge biomass samples from several plants and grown in axenic culture. The medium best supporting their growth was freshly prepared R2A agar or R2A agar made with supernatant from the secondary clarifier instead of water. Their morphology did vary in pure culture, and in the case of many of the "N. limicola" I isolates was quite different to their morphology in activated sludge systems. Their 16S rRNA genes were sequenced, and the results show that "N. limicola" I, II and III are at least three phylogenetically different bacteria. Each will be discussed in turn.
Results and discussion
Identification of "Nostocoida limicola" I, II and III "Nostocoida limicola" I. All the isolates we obtained from plants in Australia and the Czech Republic were members of the Gram positive low mol% G+C bacteria, but belonging to two different genera (Figure 1) .
Two (Ben 203 and Ben 204) were members of the genus Streptococcus, related closely to S. sanguis. The other isolates we obtained were all very closely related to Trichococcus flocculiformis, known to cause bulking, but only reported previously in Germany (Scheff et al., 1984) and Lactosphaera pasteurii, a non-filamentous coccus described by Janssen et al. (1995) . The morphology of our "T. flocculiformis" like isolates was markedly affected by culture conditions, and non-filamentous growth with them was readily achieved, emphasising the dangers inherent in relying on morphology alone to identify these filamentous bacteria. Further taxonomic characterization suggests these isolates and Lactosphaera belong to the genus Trichococcus, but probably as at least two different species.
"Nostocoida limicola" II. All the isolates we have grown from plants in Australia and Italy (including those studied in collaboration with Dr Valter Tandoi) emerge after 16S rRNA gene sequencing (Blackall et al., 2000) as previously undescribed bacteria probably belonging to a single genus in the Gram positive high mol% G+C bacteria (Figure 2) . It is R.J. Seviour et al.
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Figure 1 Phylogenetic tree based on 16S rRNA gene sequences of isolates of "Nostocoida limicola" I (Ben isolates) placing them in the low G+C Gram positive bacteria now known that they share many attributes with the non-filamentous coccus Tetrasphaera also isolated from activated sludge (Maszenan et al., 2000) , can now be validly named and should all be placed in the same genus with it as at least five different species.
"Nostocoida limicola" III. This morphotype proved extremely difficult to grow in axenic culture, but eventually several isolates, all from Australian plants were obtained and their 16S rRNA genes sequenced (Figure 3 ). All are members of the Planctomycetales, closest to Isosphaera pallida (Giovannoni et al., 1987) , but differing phenotypically to it. Their ultrastructure is consistent with them being planctomycetes (Fuerst 1995 distinctive extensive intracellular membrane systems, and they also lit up with the planctomycete FISH probe PLA 46 of Neef et al. (1998) .
Design of FISH probes for "N. limicola" I II and III
Probes targeting the 16S rRNA of these three morphotypes were designed using the ARB software package, and their sequences given in Table 1 .When these were applied to activated sludge samples (Figure 4 ) the following points were noticed.
• Some filaments with the morphological features of "N. limicola" I failed to light up with the NLIMI probe and those described by Meier et al. (1999) for the low G+C Gram positive bacteria, indicating that this morphotype is phylogenetically more diverse than described here. • Similar observations were made with the NLIMII probes designed for this study. Many "N. limicola" II filaments failed to respond to any of these probes in several activated sludge samples, but instead lit up with the ALF 968 probe for the α-Proteobacteria Figure 4b ), but not the NLIMI91 probe, which lit up the smaller filament in Figure 4c (arrowed). Figure 4 d) e) "N. limicola" II morphotype lit up with ALF968 probe designed by Neef et al. (1998) , again illustrating a hitherto unsuspected additional phylogenetic diversity • Many of the "N. limicola" II filaments responding positively to the NLIMII probes described here had much thinner filament dimensions than those given by Eikelboom and van Buijsen (1983) as defining this morphotype, and instead fitted their description of "N. limicola" I. Thus it is possible that their "N. limicola" I and II are in fact the same bacteria whose cell size may change with culture conditions • The "N. limicola" III probes described here suggest that this organism may commonly exist in activated sludge plants as single or clumped cocci, making their identification by microscopic means almost impossible, and underestimating their frequency of occurrence.
Conclusions
This study has shown that the morphotype "Nostocoida limicola" contains a group of phylogenetically unrelated bacteria, which may be even more diverse than the data presented here would suggest. We have now designed FISH probes for each of these, and data so far suggest that we still underestimate the phylogenetic diversity which exist within each morphotype.
